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TEST METHODS FOR MICROBIOLOGICALLY INFLUENCED
CORROSION (MIC) IN MARINE ENVIRONMENTS

B. Little, P. Wagner (a) and F. Mansfeld (b)
(a) Naval Oceanographic and Atmospheric Research Laboratory.

Stennis Space Center. MS 39529-5004 USA
Th ~ 3..0LU univerSity ot 6outnern California, Los Angeles, CA 90089-0241, USA

ABSTRACT

Hkctrochemical techniques such as measurements of corrosion and redox potentials,
;arizatioii curves, polarization resistance, electrochemical impedance and electrochemical
_i have been used to evaluate the impact of marine microorganisms- on corrosion
xesses. Surface analytical techniques including microbiological culturing, scanning
.iron microscopy, micioprobes and microelectrodes have been used to characterize

.ial surfaces after exposure to marine waters. A combination of electrochemical, surface
.Aytcal and microbiological techniques is the most promising approach for determining
,ianisms of MIC.

rRODUCTION

1 natural marine environments microorganisms attach to engineering materials, colonize
'urface and produce biofllms. The environment at the biofilm/substratum interface
be radicaily different from that of the bulk marine medium in terms of pH, dissolved
cen, organic and inorganic species. It is well documented that corrosion of metals
31loys is more sever, in natural seawater than in sterile chloride-containing media
there is agreement among investigators that the increased corrosion is due to the

--nce of a biofilm (1-31. Microbial activities within bioifilms control the rates and
IOf electrochemical reactions. The term microbiologically influenced corrosion (MIC)

led to designate corrosion due to the presence and activities of microorganisms
,n bioifilmis at metal surfaces. MIC has received increased attention by corrosion
tists and engineers in recent years due to the number of failures attributed to MIC

:he deelopment of electrochemical and surface analytical techniques that can evaluate
itof microbes on corrosion phenomena. The following is an introduction to

'm'tltechniques that have been used to evaltiate MIC in marine environments
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and should not be viewed as a complete review of the subject. Mansfeld and Little [4]
recently published a review of electrochemical techniques applied to MIC.

400
TEST METHODS

Electrochemical Techniques
Corrosion and Redox Potentials 300

Time dependence of corrosion potential (Ec,r) has been frequently monitored as a
function of biofilm formation. Several investigators report an ennoblement or shift in
the positive direction of Eo,, for corrosion resistant metals during exposure in natural 200
seawater and formation of a biofilm. Among the metals exhibiting this behavior are /
stainless steels (SS), copper alloys, titanium and platinum-Figures 1 and 2 [5-10].
Ennoblement of Ecorr is usually explained by the acceleration of the cathodic oxygen
reduction as a result of biofilm formation. Scotto et al. [7] and Mollica and Trevis [9]
attributed E.o ennoblement to organometallic catalysis of the oxygen reduction reac-
tion and suggested that catalysts were formed by the reaction of extracellular polymers J.

within the biofilm and metal species from the corroding metal. Johnsen and Bardal [81
observed ennoblement of non-corroding metals including titanium and platinum. :100

Mansfeld et al. [I II exposed several stainless steels and titanium to flowing Pacific
Ocean water for time periods up to four months. A significant ennoblement of E was
not observed under any of the exposure parameters which included light and dark -200
conditions and seasonal variations-Figure 3. Little et al. [12], exposing 304 stainless
steel in Gulf of Mexico water, observed a slight positive shift of Eorr when biofllms -300

-00

t Figure 2.
platinum,

300r ,developed under full)
oxygen, they determi
and that interfacial I

2 in the presence of I
with siliceous cell w

a concentration, chant

4 ,et al. [141 demonstrz
to OT T ence of an axenic c

100 0 09 o 0 , positive shift of Ecor
in the presence of 1
dence of the revers

0 I_ _ _ _ _ _ _ _' oxygen.

0 10 20 30 40 50 60 Videla et al. [101
TIME (days) decrease of Ecorr f

Figure 1. Open circuit corrosion potential curves as a function of time for media and in pure a
21 Cr -3 Mo steel exposed in natural and artificial seawater. Natural seawater (0); Little et al. [12] "nt
autoclave-sterilized artificial seawater (o); and filtration-sterilized natural and anaerobic biofilm/rr
artifical seawater (o) [7]. Gomez de Saravia

incubated in artific
alginolyticus) and
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400
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300

200 251S0TIANU

0

-100

-200 -90-10 CuNi

-3 0 0 ., 1 1 1 1
0 4 8 12 16 20 24 28 32

TIME (days)
Figure 2. Open circuit potential vs. time for stainless steel 254 SMO,
platinum, titanium and 90-10 CuNi in seawater [6].

developed under fully illuminated conditions. Using microelectrodes for pH and dissolved

ezygen, they determined that during ennoblement the biofilm/metal interface was aerobic
and that interfacial pH was unchanged from that of seawater. Biofilms that developed
in the presence of light were dominated by diatoms. Diatoms are microscopic algae
%ith siliceous cell walls that modify interfacial chemistry by influencing local oxygen
concentration, changing the pH and producing aggressive metabolites [13]. Motoda
ci al. 1141 demonstrated an ennoblement of stainless steel of 200-300 mV in the pres-
ence of an axenic culture of photosynthetic diatoms. Dowling et al. [15] observed a
pos,,ve shift of Eo., (2-15 mV) for a stainless steel exposed to photosynthetic bacteria
in the presence of light-Figure 4. This small increase of Eor, agrees with the depen-
dene of the reversible potential of the oxygen electrode on the partial pressure of
oxygen.

Vidcla et al. 1101, R ingas and Robinson f[161 and Gouda et al. [ 171 demonstrated a
dtc:rease of Eo., for a variety of stainless steels and copper alloys in seawater
media and in pure and mixed cultures of anaerobic sulfate-reducing bacteria (SRB).
Little et al. 1121 measured highly localized areas of pH ranging from 5.2 to 9.2 at
anaerobic biofilm/metal interfaces where Ecorr was shifted in the negative direction.
Gomnez de Saravia et al. 1181 reported E,,), measurements for copper/nickel alloys
incubated in artificial water with cultures of facultative aerobic bacteria (Vibrio
aiCinol~itt~ui and an anaerobic sulfate -reducing bacterium (Desulfovibrio vulgaris)



EMCR 4 MATERIALS SCIENCE I

-0.15

80

_ -0.20
40

Z
U.,

0 -0.25

-40 ZU.
E -030, 0

-80

-035
1200 24

Figure 4. Open cir(

T bacteria in presenc

-160
- The role of loical ac

- $S30400 considered as a possi
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Figure 3. Open circuit potential vs. time for 3 stainless steels and

titaniun exposed to natural flowing seawater [11]. causing a decrease i
lead to an increase ol

Figure 5a and 5b. A displacement of Eo, in the negative direction with respect to the reaction and an incr

sterile control was measured during growth of V. alginolyricus. When D. vulgaris was the charge transfer-c

added Ec,,, was further depressed. Little and Mansf !d [19,20] did not observe signifi- Redox potential rn

cant changes of Eo,, for copper alloys during exposure to Pacific Ocean water. of SRB. SRB require

Shifts of Ecof can be due to either thermodynamic or kinetic effects. In terms of compared Eff valut

thermodynamic effects, localized acidification or an increase of the partial pressure of ' electrode with andv

oxygen P0 2 would shift the reversible r )tential of the oxygen electrode in the positive * 6b, respectively. Tb

direction, Increasing pO2 leads to very small increases of Eo,, as observed by Dowling - changes in the local

et al. f151 with photosynthetic bacteria. on the stainless stec
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Sgaure 4. Open circuit potential vs. time for 316L stainless steel using photosynthetic
hacierij in presence of light [15].

T'he role of local acidification due to microbiologically produced acids has also been
considered as a possible mechanism for ennoblement of E,., [51. In addition to direct
production of acidic metabolites, microorganisms can indirectly influence local pH by

accelerating cathodic and anodic reactions. The cathodic reduction of dissolved oxygen
results in an increase of pH at the metal/electiolyte interface [211. If microorganisms

accelerate dissolution of a metal at anodic sites, metal cations are formed which will
be hydrolyzed by water with-the formation of H+ ions:

MM + 2e (Ia)

M2" ' "H20 * M(OH) 2 - 211- (lb)

causing a decrease in interfacial p11. Kinetic effects due to catalytic reactions would
lead to an increase of the exchange current density io for the oxygen reduction/oxidation
reaction and an increase of the rate of the oxygen reduction at a constant potential in
the (barge transfer-control region.

Redox potential ineas -ements are frequently used to assess the likelihood of growth

of SRB. SRB require reducing conditions (typically below -400mV SHE). Zhang et al. [22]
compared Eco, values for a prepassivated platinum electrode and a 304 stainless steel
electrode with and without bacteria to follow development of a biofilim-Figures 6a and
6b. respectively. The platinum electrode was used as a redox electrode to indicate
changes in the local oxygen concentration which were assumed to be the same as those
oa the stainless steel. Since E, for platinum changes in the positive direction when

+ Ip4. 'V. .,.-I*
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FigureS5. Corrosion potential vs. time ((a) 70-30 CulNi alloy, (b) 90-10 CuNi Polarization Techniqt
,7116y) in Post gate ,. medium + 0-51 M NaCI inoculated with V. alginolyticas Polarization techn
( ---- ); Postgate C medium + 0.51 NaCI inoculated with V. alginolyticus and 'rdito reactions
48 hours later with D. vulgaris (arrow) (-) and sterile control(..f8. ofisaepch

aod cathodes. The r

either the oxygen concentration is increased or pH is decreased, a pH indicator was Nuerouanss nst
added to the solution to independently determine pH changes. During the 72-hour exposure -oranersims on
of the stainless steel to bacteria Ecf fluctuated with changes in microbial activities. bedtheen resulti c
Lewandowski et al. 121] developed microelectrodes for measuring the redox potential ofbetenriatior
within the biofilm thickness. To date those measurements have not been coupled to fbractia anlutd sea~
specific electrochemical measurements. ifth npollited sa

7 the presence of SR
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0

o 24 48 72
TIME (hours)

Figure 6. Open circuit potential vs. time for metal alloys in
sterile and bacterial culture media (a) platinum and (b) 304SS
1221

Polarization Techniques
Pularization techniques assume a uniform corrosion process in which oxidation and

reduction reactions occur randomly over a surface with regard to both space and time.
Biofilms are patchy in their distribution and compositiou, giving rise to localized anodes
Lnd cathodes. The model of uniform corrosion is difficult to apply directly to MIC.

Numerous investigators have recorded polarization curves to determine the effects of
iicroxirganisms on electrochemical properties of metal surfaces in marine environments
and the resulting corrosion kinetics. In most of these studies comparisons were made
bet cen polarization curves recorded in sterile media with those obtained in the presence
of bacteria and fungi. Deslhmukh et al. [24] evaluated the influence of sulfide on naval
braNi, in polluted seawater using potentiodynamic polarization curves-Figure 7. The shape
,t the anodic polarization curve changed drastically and Ecr, became more negative in
! ,c prcseme of SRB or dissolved sult active-passive transition and hysteresis
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Table 1. EF
-100 pH and mi(

medium %

-20 -(NH 4)2SO '
adjusted t

MEDIUM2)-300 - ..-... ME I .

.. NaCI 10-
-400 ... "NaCIl O:

NaCl 10

z. A  " '-. - ste rile
'SRB INOCULATED C. resinE

................... STERILE + 100 PPM C. resin.
-6W0 . SULFIDESTERILE C. resin'

._.--- STRILEC; resim

0001 001 0.1 1.0 10.0
CURRENT DENSITY (mAkm 2)

Figure 7. Potentiodynamic polarization curves for naval brass

in seawater media [241. Mansfeld et al. [41
"from about +300 mVv

in the reverse scan were observed. Castle et al. [251 used polarization techniques to pgaive with i0creasi
demonstrate that copper-nickel alloys were susceptible to transient reductions in oxygen -pine ot incr
level in natural seawater, but not in sodium chloride solutions. These results were pitting does not occur,

attributed to organic components within the biofilm. The key to good performance of sed tex n

copper/nickel alloys is the inhibition of the cathodic reduction of oxygen. The presence Salvarezza and Vide
of or ganic material at the metal interface provides other species for reduction after the cocentration' and f

metal biofllm interface becomes anaerobic. . -. icloride concentration

Pitting potential (Epi) derived from polarization measurements has been used to assess agreement with Equati

the susceptibility of metals and alloys to localized corrosion in microbiologically modified and a corresponding
environments. Epit is usually determined from an anodic polarization curve as the potential Polarization resista
value at which the current density begins to increase dramatically. Epi, is defined as the (i) curve at Eorr is i
potential above which pits can initiate and grow. For stainless steels in NaCI, Epi, is

given by: R= babc2.3(ba +

Epi t = a - b log ac (2) 'where b. and b e are
determined in a nat

where a and b are experimentally determined parameters [26]. For 304SS the dependence ;Is essentially a non-(

of Epi t on the activity of the chloride ion acl" has been demonstrated: i rmple without alteri
, t al. 128] estimated

Epit -0.074 -0.088 log a&l- (V vs. SCE). (3) , diam containing
.. i the bacterial pri

The probability of localized corrosion increases as Ecrr shifts in the positive direction 1-flnii  Of Ecorr

into the range of Epit. The difference between Epit and Eo, (AE = Epi - Ecorr) has ,fVe r C-baSend massteria

been used as an indication for susceptibility to pitting.

'Al W,
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Table 1. Ept variation of Al 2024 with chloride concentration,
pH and microorganism growth. The composition of the culture
medium was: CaCl,: 1.8 x 10-4 M; MgSO 4: 1.7 x10 -3 M;
(NH4)2SO4: 7,6 x 103 M; dissolved in bidistilled water and
adjusted to pH 7.0 with NaOH 0.1 N. [27].

MEDIUM EP11 (V, SCE) pH MYCELIUM (mg)

NaC110 4 M -0.20 7.00 -

NaCI10 3 M -0.40 7.00 -

NaC1 10 2 M -0.56 7.00 -

sterile -0.37 7.00 -

C. resinae -0.44 5.20 8
C. resinae -0.48 4.20 20
C. resinae -0.51 3.20 not measured
C. resinae -0.53 2.90 150

,tanicld et al. 141 showed that Epit for 304SS in deaerated 3.5% NaCI decreased
rrom abo,,t +300 mV vs. SCE at pH 8 to about 0 mV at pH 2. Since Epit becomes more
qAijtic with increasing acidity and Ecorr must be more negative than Ep as long as

pitting does, not occur, localized acidification by microorganisms within a biofilm cannot
Pe used it) explain shifts of Ecor. in the positive direction for stainless steels in natural
ea~ater.

Salkarezza and Videla 1271 demonstrated the relationship between Epit values, chloride

.onclntration and fungal growth on 2024 aluminum surfaces-Table 1. As the
.t)oride concentration of sterile media increased, Epit moved to more negative values in
igreernent with Equation 2. Fungal growth resulted in a marked decrease of medium pH
.anl a corresponding decrease of'Vpi .

Polarulation resistance (Rp), defined as the slope of a potential (E) vs. current density
HL t.re at [-,. is inversely proportional to the corrosion current density (icor):

R? = b,t,/2.3(ba + bc)iccrr (4)

Ahere b, and b. are the anodic and cathodic Tafel slopes, respectively. Since Rp is
leterminmed in a narrow range around Eo,, the polarization resistance technique

esentiallv a non-destructive technique which can be used repeatedly on the same
,ample without altering the properties of the biofilin and/or the metal surface. Nivens
:t al. 1281 estimated icorT from experimental Rp data for 304SS exposed to a seawater
,:ediLm containing Vibrio natriegens and concluded that the corrosion rate increased
• j:h t:.e bacterial production of extracellular polymer. Little et al. [19] determined the
:,pendence of Ec.1 and R on the rotation speed of a rotating cylinder electrode for
'. (, based materials and concluded that the anodic reaction was under mixed charge

,r and rass transport control. Little and Mansfeld 120] have given a more detailed
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analysis of polarization resistance measurements for Cu-based materials exposed to
natural and artificial seawater. RP, b, and b. were calculated for each exposure time
from polarization curves recorded within ±30 mV of Eco. This approach allows a 2500
quantitative calculation of icor according to Equation 4 and an evaluation of the changes
of ic, b. and b, and Ecor with exposure time. 2000

A simplification of the polarization resistance technique, linear polarization [29],
assumes a linear relationship between potential (E) and current density (i) in a narrow 1500
range around E, This approach is used in field tests and forms the basis of commercial
corrosion rate monitors. 1000

Dual Cell Techniques 500

The dual-cell, split-cell or biological battery [30-32] allows continuous monitoring
of changes in corrosion rates due to the presence of a biofilm. In this technique two E 0
identical electrochemical cells are biologically separated by a semipermeable mem-
brane. The two working electrodes are connected to a zero resistance ammeter or a
potentiostat set to an applied potential of 0 mV. Bacteria are added to one of the two -500
cells and the sign and magnitude of the resulting galvanic current is monitored to
determine details of the corrosive action of the bacteria. Daumas et al. [32] used this 100C

technique to study corrosion of K55 steel in the presence of hydrogenase-containing
(Hase 4 ) and non-hydrogenase (Hase) SRB. During growth of the Hase + microorganisms, -150(
electrons resulting from the metal oxidation reaction at the sterile electrode flowed to
the inoculated electrode which had become the cathode as a result of the acceleration -2001
of the cathodic reaction on that electrode. The authors concluded that the oxidation of
the cathodic hydrogen by the bacteria was the dominant mechanism for the enhanced -250
corrosion rate. In the presence of Hase SRB the colonized electrode became the anode
due to stimulation of the anodic reaction by H2S. Little et al. [12] used the dual cell -30
technique to demonstrate that the sign and the magnitude of corrosion currents resulting
from marine biofilms on 304SS varied with the exposure conditions (light vs. dark) and
the biological composition of the biofilm-Figure 8. -35(

Electrochemical Impedance Spectroscopy -40'

Electrochemical impedance spectroscopy (EIS) or ac impedance is a technique for -45
determining properties of metallic surfaces by applying a small ac signal [4] over a
wide frequency range. Dowling et al. [33] used EIS to study the effects of mixed cultures
of bacteria on the corrosion of carbon steels in marine environments. A comparison of -50

the corrosive effect of Vibrio natriegens in batch culture with that of a sterile chamber
over a three day period showed that bacteria increased the corrosion rate-Figure 9. -5!
Examination of the impedance behavior of a continuous flow system with low carbon
levels showed that the corrosion rate was comparable between samples with and without _-V
bacteria.

Formation of biofilms and calcareous deposits on stainless steels and titanium during Figur
exposure to natural Pacific Ocean water was followed by Mansfeld et al. using EIS [11]. expo,
The impedance spectra for three stainless steels and titanium did not change as a func-
tion of alloy composition, exposure time or biofilm formation and remained capacitive

(-I
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over a tour month period-Figure 10. EIS did provide information about the growth and
structure of calcareous deposits on cathodically polarized surfaces-Figure Ila, lb and
1c. Little et al. 119.201 used EIS to follow biofilm formation on five copper-based
maiertais at the same Pacific Ocean site. Impedance spectra varied with alloy compo-
siion. changed as a function of exposure time and were altered by the presence of a
biofilin. The complexity of impedance spectra (Figure 12a and 12b) was attributed to
the formation of corrosion products and biofiims, and the contributions of charge trans-
fer and mass transport reactions mediated by the layers.

Fkctuheirucal Noise Analysis
Statsttcal analysis of noise fluctuations in potential or current data can provide

information as to the nature of corrosion processes. Frequency and amplitude of fluc-
tuations can be used to estimate corrosion rates. Moosavi et al. [34] presented noise
plot. for reinforced concrete exposed to a marine medium containing SRB-Figure 13a
and 13b. The time record after 218 days for covered rebars revealed events that could
be due to sudden rupture of the protective oxide film followed by immediate repassivation.
Iverson et al. [351 obtained potential noise data in the laboratory for mild steel in a
seawater culture of Desuovibrio and in the field for a gas transmission line. The authors
concluded that breakdown of iron sulfide films was accompanied by generation of
electruchernical potential noise.

Surface Analysis
Methods for detecting and monitoring MIC have been reviewed by Stoecker [36],

Tatnall 1371. Pope (381, Tamall et al. [391 and Galbraith and Lofgren [40]. Most detection
and verification techniques involve inspection of corroded material, test coupons, or
:orrosion deposits for the detection of specific types and numbers of bacteria, (e.g.,
SRB. mcial-depositing bacteria or' acid-producing bacteria) or corrosive by-products,
such as chlorides, acids or sulfides. Galbraith and Lofgren [401 described methods for
.dlturing specific microorganisms and direct microscopic counts using fluorescent

techniques. Tatnall et al. 141] developed a test kit for the detection and enumeration of
SRB ana prcpared a comparative review of similar methods. Others [42] recommend a
quantification of hydrogenase enzyme as a diagnostic tool to estimate the corrosivity of
hiofilris, Lewandowski et al. [21] developed microelectrodes for pH, dissolved oxygen
.,nd dissulved sulfide to probe the metal/biofilm interface and interfacial properties.
Pope and Zintel 1431 discussed chemical, microbiological and metallurgical methods for
.tudsing MIC in field and laboratory conditions.

Mludh of the intormation that has been collected for marine biofilms on metal surfaces
.ias becn deried from micrographs prepared by scanning electron microscopy (SEM)
4-4.4- Preparation of biological material for the SEM requires fixation and dehydra-

'ton ihvough a series of solvents and coating with a metallic layer. Little et al. [46]
demonstrated that SEM sample preparation introduces artifacts in both the areal coverage
,nd cor,.position of bioflms. Using an environmental scanning electron microscope
1USEM) that can accommodate wet, unfixed, uncoated biological material, they compared
mAine biofiims before and after fixation on stainless steel and copper surfaces-Figures 14
_,A 5. respctively. The wet marine biofilm on the stainless steel surface had a gelatinous
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appearance. Numerous microalgac could be distinguished throughout the gel, but it was
impossible to image individual bacterial cells with the ESEM. After solvent removal of
water, much of the extracellular polymeric material from the biofilm was also removed,
dccreasing the actual areal coverage of the biofilm on the surface and exposing a
mionolayer of bacterial cells, typically referred to as the biofllm. The most conspicuous
alteration in the biological composition of the marine biofilms as a result of SEM
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F ,ure 14. ESEM images Ca) wet marine biofilms on stainless
ire surface and (b) marine biofilms after treatment with acetone
ad xylene [46].

sample preparsdon was the partial removal of diatoms from the stainless steel surface
and the compke removal of diatoms from the copper surface. It appears that the
numb-r of diamns in marine biofilms and their potential for oxygen production within
the biofihn aregrossly underestimated by traditional SEM techniques. Figure 15.1

The solventrmnoval of water removes the polymeric matrix and metals bound by the surface. (b.
matrix-Tables2 and 3. Extracellular polymeric material is predominantly negatively biofilm afe
charged so thatit can act as an effective cation exchanger, increasing local concentra-
tions of heavymctals including Al. Ni and Ti. Dehydration of the biofilm with acetone

[j
- m "-7
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a)

* 4

f iure 15. FSEM images (a) wet marine biofilm containing diatom on copper
vurlace. (h marine hiofim after treatment with acetone, and (c) marinehi film after treatmnent with acetone and xylene.
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resistance and linear polarization techniques have been useful for determining
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tin*ntaneous corrosion rates and monitoring corrosion behavior as a function of expo-
sure tme. EIS has emerged as a technique for characterization of surface properties of
metal, exposed to marine environments. Since EIS is a non-destructive technique, it can
be u d to determine corrosion mechanisms as well as to follow changes in corrosion
rates. Similarly. eectrochemical noise i non-destructive since it does not require the
imposition of an external signal. However, its use has been limited so far to qualitative
MIC studies. As in all studies of corrosion phenomena, combinations of electrochemi-
cai. surtace analytical and microbiological techniques are needed to provide quantitative
mechi.asms of MIC.
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